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Abstract
CHO-K1 cells were synchronized at the G1/S border by mitotic shake-off and aphidicolin incubation. Pulse-labeling with tritium was
done at 30 min, 2 or 5 h into the S-phase, with chase incubations for different times in non-radioactive medium. The cells were subjected to
neutral microelectrophoresis to extend the DNA into ‘‘comets,’’ after which the label was visualized through autoradiography. At zero chase
time, all label was positioned in the head. The displacement of label into the tails increased with time, reaching a maximum at about 5 h after
the pulse. A lag phase of 2–3 h was observed for the early-labeled cells before the displacement started. Also, more label was released after
overnight serum starvation, but this was reversed through a 3-h incubation at normal growth conditions. It was found that late-replicating
chromatin is organized in larger domains than early-replicating chromatin, and DNA polymerase seems to be an important organizer. Early-
replicating chromatin has other important attachments to the nuclear matrix, dependent on metabolic activity. D 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction
The presence of chromatin loops in interphase nuclei [1],
and the organization of these, has been the subject of much
debate. Jackson, Cook et al. (for review, see Ref. [2]), using
cells treated in agarose beads, have shown that newly
synthesized DNA is resistant to elution, following digestion
with restriction enzymes. With time, the DNA becomes
elutable and also, the DNA polymerases remain in the
beads. It was concluded that replication takes places at a
nuclear matrix. Similar experiments have also been done to
investigate the transcription process [2]. It was found that
HeLa nucleoids did retain all nascent RNA, in spite of the
fact that polymerase activity had been lost. It implied that
the transcripts were still held by the inactive enzyme. The
authors have argued that groups of RNA polymerases in
‘‘factories’’ organize clusters of loops. During interphase,
the factories are strung along the nucleoskeleton. During
mitosis, the skeleton disappears and transcription factories
condense to give the chromomeres.
Topoisomerase II, one of the more abundant proteins in
the nuclear matrix of growing cells, has also been proposed
as a chromatin organizer [3,4]. It has been argued that the
interactions formed between topoisomerase II cleavage
sequences and the nuclear ‘‘scaffold’’ constitute artifacts
that rather are formed during the preparation (for review, see
Ref. [5]). However, the results by Iarovaia et al. [6] cannot
be overlooked. Here, topoisomerase II was blocked in the
living cell with etoposide, and when the cells are lysed with
proteinase K, a double-strand break (dsb) results at the
topoisomerase II binding site. Distinct differences in loop
organization have been found between quiescent and stimu-
lated lymphocytes.
In a previous paper [7], we have studied the movement of
nascent S-phase DNA with single-cell gel electrophoresis
(SCGE). This method, also known as the ‘‘comet’’ assay,
was originally developed by O¨stling and Johanson [8] to
study DNA damage in individual cells. When cells are lysed
under the conditions used here, the DNA retains a compact
structure due to negative supercoiling in the DNA helix that
restricts its possibility to move in the gel [7–9]. Releasing
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the tension in separate loops by strand breaks, caused by
ionizing radiation or other means, makes the DNA free to
stretch out towards the anode and more DNA occurs in the
tail. Since prolonged electrophoresis does not add to the
stretching [8,9], the DNA seems to be fixed to the remains
of the matrix in the nucleoid. The amount of DNA in the
comet tail saturates at moderate gamma-ray doses (less than
10 Gy). Most of the DNA is then still present in the head, so
it seems likely that a large amount of the DNA is organized
in small loops, which are not relaxed by low radiation doses
or are too small to stretch visibly from the remains of the
nucleus. Very high doses remove more DNA from the head,
but this occurs by fragmentation by dsb and not by relax-
ation of the DNA.
In our aforementioned paper [7], cells were pulse-labeled
with tritiated thymidine and then chased in non-radioactive
medium for various times. After neutral comets had been
prepared, the label was visualized through autoradiography.
Directly after the pulse, all label was found in the head of
the comets, corresponding to the suggested matrix area.
With increasing chase, more and more label migrated out in
the tails. Up to a few hours of chase, distinctly demarcated
heads were visible. However, at longer chase times, the
contours were lost in some of the cells. It looked as though
several of the attachment points to the matrix were lost
eventually when the cells left the S-phase.
In the present paper, we have extended the previous
study with the use of cell synchronization. We have inves-
tigated how pulse-labeled DNA moves relative to the matrix
with chase time in cells labeled at different times during the
S-phase. It was found that the label moves less in early-
replicating chromatin, compared to late replicating, indicat-
ing differences in domain size. A large part of the early-
replicating chromatin seems to remain in close contact with
the matrix for several hours post-replication. Also, a general
suppression of cellular activity brought about by serum
starvation seems to result in a reorganization of the chro-
matin into larger loops.
2. Materials and methods
2.1. Cell culture, synchronization and labeling
CHO-K1 cells were grown in Dulbecco’s modification of
Eagle’s medium (DMEM, Flow Laboratories) supplemented
with 10% fetal calf serum, 2 mM L-glutamin, 90 IU/ml
penicillin, 90 Ag/ml streptomycin and non-essential amino
acids. The synchronization protocol was taken from Ref.
[10], with some modifications. A pre-fraction was shaken
off from a growing culture and discarded, and 1 h later,
mitotic cells were shaken off and allowed to settle in 35-mm
petri dishes (Falcon). After 30 min, the medium was
changed to DMEM without non-essential amino acids and
with 10 AM aphidicolin (Sigma), an inhibitor of a-like
polymerases. After about 10 h, the cells were washed
thoroughly and fresh medium with non-essential amino
acids was added to make the cells progress into the S-phase.
After 30 min, 2 or 5 h after the release of the block, the cells
were given a 15-min pulse of 2.5 ACi/ml tritiated thymidine
(Amersham) for labeling time points in the following called
early-, mid- and late-labelled, respectively. This was fol-
lowed by chase incubations in fresh complete medium
without radiolabel for different periods, and subsequently,
the cells were processed for microgel electrophoresis.
In some experiments, early-labeled cells were first chased
in normal growth medium for 12 h, then put on serum
starvation (0.5% serum) for 12 h, after which the normal
growth conditions were restored for 3 h.
2.2. Single-cell gel electrophoresis
The cells were embedded in low melting agarose (Sigma
type VII in PBS, final concentration 0.62%) on clear-glass
microscope slides (Menzel) that previously had been coated
with 0.3% agarose and air-dried. The gels were cast in
single, very thin layers (15 Al covered with an 18 18 mm
coverslip). Lysis was carried out in 2.5 M NaCl, 0.1 M
EDTA, 10 mM Tris pH 10, 1% Triton X-100 for 1 h on ice.
The slides were then rinsed in PBS and irradiated with 0.5
Gy of 137Cs gamma-radiation.
Electrophoresis was carried out in 1 TAE for 15 min
at 1.9 V/cm (28 V, 15-cm Bio-Rad tank). The slides were
then air-dried, fixed for 5 min in methanol and dip-coated
with Ilford K2 photographic emulsion, diluted 1:1 with 4%
glycerol. After an exposure time of typically 2 weeks, they
were processed as recommended by the manufacturer.
Duplicate slides were stained with ethidium bromide and
viewed with an epifluorescence microscope to ensure uni-
form tail formation. Photos were taken with Ilford FP4 125
ASA panchromatic film.
2.3. Data evaluation
The slides were all coded. Visual scoring was used to
determine how many cells that had a defined border
between head and tail. Evaluation of tail moment [11] was
done with an Olympus BH-2 fluorescence microscope,
fitted with a Cohu b/w video camera and the Comet Assay
II v1.03 PC-based image analysis system from Perceptive
Instruments. Because of the grainy appearance of the auto-
radiographs, center-of-head position had to be fed manually
into the system. Lighting conditions and camera settings
were kept constant throughout. For length measurements for
loop size estimation, an eyepiece micrometer was used,
assuming 3 bp/nm.
3. Results
The super-coiled nucleoid loops were relaxed by irradi-
ation with g-rays. To reduce fragmentation of DNA due to
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dsb, the irradiation was done after the lysis procedure.
Under these conditions, the dsb/ssb ratio is reduced by a
factor of 5, compared to when intact cells are irradiated
[12,13]. The dose used, 0.5 Gy, gives on average 1 ssb and
0.01 dsb per 60 kbp [12,14]. Smaller loops will thus be
incompletely relaxed. A smaller loop will not extend sub-
stantially into the tail anyway, as these are shorter than the
diameter of the nucleus, even if drawn out fully, so increas-
ing the dose would not produce much further visible
extension.
Preliminary experiments with the synchronization proto-
col were performed, where we measured tritium incorpo-
ration with scintillation counting. After the cells were
released from the aphidicolin block, a rapid initialization
of replication took place, reaching a steady state after about
30 min and lasting for about 5 h before it started to decay
(data not shown). The levels of shading in the slides were
similar for the different labeling points, although possibly
somewhat higher in the late-labeled cells.
Fig. 1 displays the visual appearance of the comets. The
cells labeled early showed distinct areas of dense label in the
comet heads and short tails. The late-labeled cells, however,
had a more diffuse distribution of label and longer tails.
Fig. 2 summarizes what happens during 24 h of chase in
cells labeled at different times in the S-phase. The curves
show the tail moment for the radiolabel as function of time.
Comets from cells labeled early in S-phase displayed hardly
any tail moment up to 2 h of chase. In late and intermedi-
ately labeled cells, however, the initial increase in tail
moment with time was almost linear. Regardless of when
labeling was done, tail moment reached a maximum after
about 5 h of chase and then decayed. Tail moment is a
product of two factors: the fraction of DNA that is released
from the head and its mean displacement, the ‘‘moment
arm.’’ Part of the difference between early- and late-labeled
cells lies in the fraction component, but there is still a
significant (Student’s t-test) difference in moment arm,
Fig. 1. Autoradiographic images of comets with varying degrees of label
extension. Cells were pulse labeled with 3H thyminidin and chase-
incubated for different times. Cells were embedded in agarose, lysed,
relaxed with 0.5 Gy g-rays and subjected to electrophoresis. Representative
images: (a) immediately after labeling, tail moment = 0; (b) classed as ‘‘with
head,’’ tail moment = 13; (c) classed as ‘‘without head,’’ tail moment = 26.
Bars represent 20 Am.
Fig. 2. Tail moments for the different labeling time points and chase times.
Cells were synchronized by aphidicolin incubation and pulse labeled in
early, mid or late S-phase (30 min, 2 and 5 h after release of the aphidicolin
block, respectively) and chase-incubated for different times. Filled circles
represent early-labeling, crosses represent mid-labeling and open squares
represent late-labeling. One representative experiment. Error bars represent
standard error of the mean.
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indicating that the mean loop size is larger in late-replicating
chromatin. There were no moment arm differences between
mid- and late-labeled cells. The size of the largest loops was
estimated to about 2 Mbp from length measurements, in
accordance with what has been found in earlier studies [9].
The contours of the comet heads changed with chase
time, especially in comets from cells that were labeled in
mid- or late S-phase. This property was not so easy to
quantify, but could clearly be observed visually and it
parallels the tail moment curves. Fig. 3 shows the percent-
age of comets with a distinct border between head and tail,
as classified by eye on coded slides. In cells labeled early in
the S-phase, more than 50% of the cells had distinctly
demarcated heads at all chase times. Late-labeled cells lost
the contours faster and after 5 h chase, less than 10% of the
cells had distinct heads.
The metabolic state of the cells was also reflected in the
organization of the loop structure. Early-labeled cells that had
been put on overnight serum starvation increased their tail
moment, but recovery at normal growth conditions decreased
it to a level not significantly separated (Student’s t-test) from
non-starved cells (Fig. 4). Late-labeled cells were not affected
to any large degree. Classification of heads/no heads (Fig. 5)
also paralleled this part of the experiment.
4. Discussion
The results we have obtained with single-cell electro-
phoresis may be compared with earlier studies, using related
techniques. They seem to indicate more or less stable
associations between DNA and other cellular components,
like enzymes involved in replication and transcription and/
or a nuclear matrix.
Movement of nascent DNA has been studied in unsyn-
chronized CHO cells with a modified neutral filter elution
technique (NFE-Tx) after a large X-ray dose, and with a
similar pulse/chase protocol [9,15]. Results were similar to
those reported here, with a maximum release observed at 4 h
chase time. The authors discussed the relevance of matrix
attachment contra S-phase retardation, which is a complica-
tion in both electrophoresis and filter elution methods
[16,17].
Some studies have also utilized pulse-labeling methods
with direct observation of loops. With Kleinschmidt spreads
of asynchronous HeLa cells, McCready et al. [18] observed
that label migration slowed down considerably within 20
min, but this rather reflects the time needed for synthesis of
individual replicons. Halos are probably more similar to
comets, structure-wise, and Vogelstein et al. [19] found that
most label migration in 3T3 cells occurred within 1 h. The
size of the visible loops was estimated to be around 100
kbp, but the authors made a reservation for incomplete
extension.
Furthermore, certain other pulse/chase experiments may
be mentioned, which also indicate large structural changes
on the same time scale. Hofer et al. [10] have studied
Fig. 3. Percentage of cells with distinct border between head and tail.
Symbols and experimental procedure as in Fig. 2. Three experiments for
early- and late-labeled; two for mid-labeled. Curves are fitted by eye.
Fig. 4. Influence of serum starvation on tail moment. Cells labeled early or
late in the S-phase were incubated 12 h in 10% serum followed by 12 h
either 10% (ns) or 0.5% (ls) serum or 12 h in 0.5% serum followed by 3 h in
10% serum (ls + ns). One representative experiment. Error bars represent
standard error of the mean.
Fig. 5. Influence of serum starvation on percentage of cells with distinct
heads. Labels and experimental procedure as in Fig. 4. Two experiments.
Error bars represent standard error of the mean.
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clonogenic survival after incorporation of 125I, given as a
pulse in early S-phase. After various chase times, cells were
frozen and decays allowed to accumulate. A marked
increase in radiosensitivity with chase time was noted,
reaching a maximum (about a six-fold increase in lethal
action) at 5 h after the pulse. The difference between 5 and 8
h chase was negligible, but in a later study [20], a pro-
nounced decrease in radiosensitivity was found at the
second G2 phase after the pulse, after resynchronization of
the cell population.
4.1. Loop sizes
We assume that the size of the loops, making up the comet
tails, is determined by the distance between two binding
points in the DNA to some type of a nuclear matrix. In an
earlier study, we have shown this to be the case with certain
types of lysis [7]. The significance of artifacts in neutral
single-cell electrophoresis has been discussed earlier [21].
However, tangling is apparently not severe enough to keep a
well-defined head visible at all times and one may suppose
that the effects should be roughly the same in all chromatin
regions. Confocal microscopy studies have shown that late-
replicating sequences are mainly located near the periphery
of the nucleus [22,23] and this could make them more
accessible to extension. On the other hand, these authors
found that label given at approximately the same time as in
our mid-labeled cells was incorporated deep into the nucleus.
With the reservation for the possibility of different stabil-
ity of loop attachment points in early- contra late-replicating
regions, our present results indicate significant differences in
their structural organization. The longest extension of DNA
was observed in cells labeled late in the S-phase, where they
reached an apparent size of about 2 Mbp. This is in agree-
ment with what was found by Johnston et al. [9].
It seems that one can identify two size-distributions in the
visible DNA loops. First, the distinct comet heads indicated
the existence of smaller loops—probably less than 100
kbp—that will contribute to the ‘‘head’’ fraction and is more
obvious in the early-replicated chromatin. Second, the loops
extending into the megabasepair range, which makes up the
‘‘tail’’ fraction and dominates in late-labeled, long-chased
cells. It thus seems like early-replicating DNA, which con-
tains most of the active genes, have its DNA in such small
loops to a larger extent than late-replicating DNA.
4.2. Movement of label
Both early- and late-replicating DNA showed an increase
in tail moment with chase time, as well as a loss of
attachment points as judged by the head contours. Max-
imum migration occurred after 5–7 h in all cases, so the
phenomenon did not seem to be cell cycle-dependent. In
early-labeled cells, the maximum would correspond to late
S/early G2; the late-labeled have most probably completed
mitosis and passed on into G1 phase. The similarities in
time of tail elongation, regardless if replication is still
proceeding, make the role of S-phase retardation dubious.
It may rather reflect some ‘‘maturation’’ process in newly
replicated chromatin, including a loss of attachment points.
Indeed, at least two processes seem to be responsible for
the increase in tail moment. One is linked to DNA-synthesis
when the label moves away from the polymerase, which
seems to function as an anchor point [24]. However, this has
to be considered in terms of clusters of replicons and even
larger structures, and the problem has been discussed by
Johnston et al. [9]. Late-labeled cells, where most of the
increase in tail moment occurs after DNA synthesis has
ceased, exemplify the other. This probably involves a loss of
attachment points and a thorough structural reorganization
of the DNA, a reorganization that seems to coincide with a
condensation of the chromatin [25].
This type of reorganization is probably not limited to the
post-replicative stage. We observed a lag phase of about 2 h
in migration of early-labeled DNA, compared to late- and
mid-labeled. Early-replicating chromatin consists largely of
coding sequences [26], and it may be that RNA polymerase
activity is what defines them as early-replicating. The addi-
tional attachments provided by RNA polymerases could
mask migration from replication sites, but then we would
not expect a release during late S and G2. Instead, it could be
interpreted as the mentioned reorganization, starting already
in the S-phase, but with some delay and maybe at a
scheduled point in the cell cycle. One could also speculate
that some ‘‘initiator sequence’’ attaches to the matrix before
start of replication and remains bound for some time after the
sequence has been replicated. In our earlier experiments with
asynchronous cells [7], comets with almost no tails at all
were prevalent after 2 h chase, so the delay does not seem to
be an artifact, produced by the aphidicolin incubation.
4.3. Loss of synchrony
After overnight chase incubation, some cells could be
expected to be at the same point in the cell cycle as when the
label was given. However, even if some cells showed very
low tail moments, none of them had the appearance of the
zero chase time comets. Large numbers of comets were
checked, both in synchronized and unsynchronized experi-
ments. Thus, the origins of replication do not seem to be
well defined enough, locally or temporally, for individual
loops to keep synchrony with each other over one cell cycle.
This loss of synchrony could be related to the reduced
radiosensitivity observed by Hofer et al. [10] in the second
cell cycle, i.e. that all the labeled DNA does not ‘‘mature’’
into the most lethal radiation target.
4.4. Influence of metabolic activity
The loop structure also shows strong dependence on
metabolic activity. Suppose that both the regions containing
active genes and the rest of the DNA will have DNA
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polymerase as binding points. In active regions, RNA
polymerases, promotor sequences or topoisomerases might
give additional matrix-binding points, resulting in much
smaller loops, visible as distinct heads. A reduction in
cellular activities such as transcription, brought about by
serum starvation, will lead to a temporary reduction in such
attachment points. This is supported by the fact that serum
starvation has no effect in late-replicating, transcriptionally
inactive chromatin.
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